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Radio Observations of the Russian Fig. 1-Round HiU1 0o3 G.MT. October 7.
Earth Satellte* 1957-2 o.

Simple radio observations of signals from
the Soviet satellite of October 4 were made
by Lincoln Laboratory. beginning on the A few remarks wvill outline the nature of
evening of October 5, 1957. Plots of received the calculation. In preparing the prediction
frequency vs time, one of which is shown in of the fourth transit, it was assumed that
Fig. 1, were made by analyzing the tape- corresponding tracks on successive nights
recorded audio outputs of standard radio re- differed in longitude by a constant amount
ceivers which used beat frecuency oscilla- and had the same altitude above the earth.
tors. By studying the shiape of such curves A value of speed v was first computed using
it is possible to determine the slant range of an approximate knowledgeof the period and
the point of nearest passage of the satellite an arbitrarily assumed value of altitude h.
to the observing point. This distance will be This value of v enabled the values of ro for
referred to as the miss distance, ro. This the three nights to be computed using the
quantity is given by above formula. The three measurements of

r0 were then used to solve for a better value
of h which was reinserted in the calculation

* Received by the IRE; October 14, 1957. The re- for v. One such iteration proved t6 be sutli-"
s-arch in this document -,as suppored jointly by the cient to fix v and h and provide the ro predic-
Army, Navy, and Air Force under contract- with the t o f a an pro e rr
Mass. Inst. Tech. tion for the fourth track.
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0 3,126,545
United States Patent Office Patented 3,1,54

2
hyperbolic navigation system, and a ship S to be navi-

3,126,545 gated. High powered pulses are sent out from a trans-
SATELLITE HYPBRBOLIC NAVIGATION SYSTEM mitter at station T, and a!so from a transmitter at sta-

,Ira D. Smith, Jr.,, Rome, N.Y., assignor to the United tion T2. A constant known time difference is maiained
States of America as represented by the Secretary of between the instance of departure of t-se pulses, so tat
the Air Force 5

Filed Nov. 23, 1960, Ser. No. 71,371 the time differerce of crrival of the puses a- observed at
6 Claims. (CL. 343-103) a receiving point becomes a measure of the differen in

(Granted under Title 35, US. Code (1952), see. 266) distance of this receiving point from te two transmitters.
It follows, then, that since a hyperbola is a curve that

The invention describel herein may be manufactured gives the locus of a point such that the difference in dis-
and used by or for the United States Government for 10 lances from any point on the curve to two fixed points
governmental purpo without payment to me of any is constan , a particular difference in distance coresponds
royalty thereon, to a receiving point loc.ted somewhere on that hyper-

This invention relates generally to navigational sys. bola. In the present insance this is hyperbola T1T2a'
tems. and more particularly to a long ranp hyperbolic 15 of the family of hyperbolas appearing between stations
navigation system, including a satellite relay station T, and T2 as indicated in said FIG. 1. A second pair of
whereupon ormidirectional a-aswission of position and transmitters, one located at station T2 and the other
time information may be accomplished without regard locraed at stations T1, can now. be used to determine a
to weather conditions or sky.wtve characterisucs. second hyperbola. T2Tia' in the present instance, the

Conventional hyperbolic navigation systems am sub. 20 intersection of which with hyperbola TT3a' gives the
ject to certain limitation which, in many instances. re- position of ship S.
duce their practicability. The tmsmission of puL in- The several disadvantages of the navigation system de-
formation at very high frequeimes reduces the effective scribed above have been substantially obviated by my
range of such a system to line-of-eight distances. The invention which comprehends, in its simplest form. the
use of sky-wave tranmission to overcome this limitation .5 use of a satellite relay station in combinatioe with a
is effetive only -at night and is inhermtly inaccurate. single fixed ground station. As said satellite orbits within
Systems employing lower frequency trasnissioa arc the field of view of eutootatic trackiag radar apparatus
subject to inerference from changing weather conditions. !ocated tt said ted pound station, its position is deter-
This rt especially true of electrical disturbances which mined by the radar and indtxcd with time by a ground
may render the transmitted pulse information completely 30 station clock. T"hi potition and time Wormadon hi
uintelligible. A further undesirable feanire of current then telemetered to the satellite whose rectiver-tsinit-
hyperbolic navigation systems is the requirement of a ter equipment relays it ortnidirectionally to all ships
minimuta of tzn fired tamictin5 s.utdae Such located within its ares of coverage. The ship, upon
stations, being at certain fixed locations. present to the receiving said information, indexes it with shipboard time.
area covered a limited number of predetermined base 35 After a suitable period of time the ship receives z second
lines. The imleoxibility of such a system precludes the position messue from the same satellite and indexes it
selection of optimum base lines by the majority of ships with a new shipboard time. The two posion messages
using said system. thus received establish two points in sace (focal points)

It is accordingly an object of this invention to provide and a baseline therebetween from which a hyperbolic
a hyperbolic navigation system that is substantially inde. 40 surface of revolution can be established which intersects
pendent of weather conditions, the earth's surface. At this point the navigator on the

It is another object of this invention to provide a novel ship can estalilish a hyperbola, and he knows that he
method of n:vigating ships at sea wherein said ships are is somewhere on this hyperbola, but not exactly where
oriented by the several positions of an orbiting satellit-s he is on it. The distance is based on the primary fact
station. 45 tha the transmission time taken by a pulse to travel over

It is a further object of this invention to provide a a distance is a measure of the distance. The unit of
hyperbolic navigation system having greater range and length in navigation computaxions may be called a light-
accuracy than has heretofore been possible- microsecond: for example, 983.24 feet is the unit of
k is a still further object of this invention to provide length equivalent to a light-microsecond which represents

a hyperbolic navigation sfttem whereby ships using 5o0 the distance that a pulse travels in that time. In order
such system may choose any number of optimum base (or the navigator to locate himself defliely the ship
lines. receives a third position message which it idexes with

It is a stil iurther object of this imration to provide a third shipbhoad time, thus establishing the second hyper-
a satellite hyperbolic navigation system employing the bola. This second hyperbola because of the predeter-
use of sequential base lines, thereby rendering synchro- 55 mined time differencie must iatersect the first hyperbola.
nizing and timing less critical. Every intersection of these two hyperbolas preseut

It is a still further objcat of this inventioa to provide measured time differences which is equivalent to meas-
a satellite navigation system of the type described where- ured distances an't defines the fix of the positon of the
in highly accurate orbital computations are unnecessary. Ship.

These and other obj ct togetheor with the principles 60 With reference nov to accompanying drawinps FIGS.
of the invention itself, will be described in damil with 2 and 3. and in conjuncuon with the several equations to
refamce to the accompanying drawings in which: be hereinaftzr developed, the various symbols used are

FIG. 1 presents families of curves illustrating the prin. herein defined as:
ciples of hyperbolic navigation.

FIG. 2 illustrates the apparatus required to transmit 05 r=radius of the earth
satellite position-time information in accordance with the /,=altitude of the satallite
principles o, my invention: and h(min.)=mnimnumn altitude of the satellite

FIG. 3 illustrates a presently preferred method of trradar slant range of the satellite
nauigaung a ship by the application of sawd apparatus and Ir (min.)=numumum stan, rxnge of the satellite
principles. 70 ,=range of the ship from the satellite

Refeming now to 'WIG. 1, there is illustrated three , 5t=tu'me delay of satellite receiver-transmiuer
stations T1, T3 and T3 which are typical of a convenuonal fo=tume delay of the ground stauon radar

5



I7

Ad:.,: :

17'Y

V24

eA,--ZhZ 6 ;



March 24, 1964 1. D. SMITH, JR 3,126,545
SATELLITE HYPERBOLIC NAVIGATION SYSTM

Filed Noy. 23, 1960 2 Sheets-Sheet 1

HYPERBOLA HYPFEOLA
NO. 2 NO.1

/

r,7-

PRIORe ART . INVENTO.

PO$1rlO/4d&?. ! 4.ON

" BYr- 7

\ /> J
" \ -'1q/ 24 ./

7'



United States Patent n91 [11] 3,789,409
Easton [45] Jan. 29, 1974

[54] NAVIGATION SYSTEM USING SATELLITES Primary Examiner-Richard A. Farley
AND -PASSIVE RANGING TECHNIQUES Assistant Examiner-Richard E. Berger

[761 Inventor: Roger L. Easton, 7704 Oxon Hill Attorney, Agent, or Firm-R. S. Sciascia; Arthur L.
Rd., Oxon Hill, Md. 20021 Branning; J. G. Murray

[22] Filed: Oct. 8, 1970 [57) ABSTRACT
1211 Appl. No.: 79,307 A navigation system wherein the navigator's location

is obtained by determining the navigator's distance (or
[52] U.S. Cl..... 343/112 R, 343/100 ST, 343/112 D range) from one or more satellites of known location.
(51] InL C .......................... GOs 5114, GOls 11/00 Each satellite transmits multifrequency signals that are
(58] Field of Search ....... 343/112 D, 112 R, 100 ST derived from a stable oscillator which is phase syn-

chronized with the navigator's equipment that pro-[56] References Cited duces similar multifrequency signals. Phase compari-
UNITED STATES PATENTS son between the signals received from the satellites

3.643.259 211972 Entner ....................... 3431112 r x and the locally produced signals indicates both the dis-
3,38.:.891 5/1968 Aadcrson ..........-. 343!100 ST UX tarice between the navigator and the satellites and the
2.947.985 8/1960 Cooley ................ 343/112 D UX navigator's location. In determining his location, the
3.397,400 8/1968 Maass et al ..... 3431112 D UX presence of the navigator is not revealed since no in-
2,924,820 2/1960 Dshal et at ...... 343/I!2 D UX terrogatory transmission by him is required.
3,339,202 8/1967 Earp . ....... . 343/112 D X

6 Ciaim, 3 Drawing lrjlures

0-,2o
SATELLITE SATELLITE
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INTERFEROMETRY

* A wave has phase.

* Intensities of waves (unlike

classical particles) don't add.

* Complex amplitudes (having

magnitudes & phases) do.

* Interference of waves may be

constructive or destructive or in-

between, depending on their

phase difference.

9
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DIFFERENTIAL

INTERFEROMETRY,

or

"DOUBLE
DIFFERENCING"

o At each receiver, observe the
phase difference between the
signals being received from
different satellites. (Result is
insensitive to receiver phase.)

o Take the difference of these
differences, between receivers.
(Result is also insensitive to
phase of either transmitter.)

12



REPORTS fects of receiver instability cancel when
the difference is taken between a pair of
transmitters (forming a differential in-

Astronomical Applications of Differential Interferometry terferometric observable).
We shall now discuss some of the

Abstract. Intercomparison of radio signals received simultaneously at several potential scientific applications of dif-
sites from several sources with 4mall mutual angular separation provides a power ferential interferometry. First, however,
ful astrometric tool. Applications include tracking the Lunar Rover relative to we describe one technical application
the Lunar Module, determining the moon's libration, measuring winds in Venus's already successfully carried out. Earth-
lower atmosphere, mapping Mars radiometrica~ly, and locating the planetary based tracking of the Apollo 16 Lunar
system in an inertial frame. Rover relative to the Lunar Module.

Three tracking stations (3) were em-

In most applications of very-long- which the carrier frequency may be un- ployed so that two independent base.
baseline interferometry (VLBI) the certain and variable. Noninterferomet- lines were formed. Thus, two compo-
most serious limitations on the accuracy ric one-way Dorpler tracking of such nents of the motion of the Rover rela-
of the results are imposed by unknown, objects is ordinarily of little use be- tive to the Module were determined
variable phase errors introduced by both cause changes in the received frequency from the changes in phase of the two
the neutral atmosphere and the iono- due to the Doppler shift cannot be differential interferomeiric observable.
sphere above the receiving sites, and by distinguished from changes in the fre- From the initial separation of the Rover
fluctuations in the ratc of the oscillators quency of the transmitter itself. Irn inter- and the Module -nd the constraint that
that provide phase references at the ferometry, however, transmitter (and the Rover remained on the lunar sur-
separate sites. These limitations may be any other) frequency changes that ap- face, it was possible to determine its
largely removed in differential measure- pear equally at all receivers have no entire path (Fig. 1). After a traverse of
ments, in which signals received simul- direct effect on the ability of the inter- over 4 kin, the final position computed
taneously from different radio sources ferometer to determine relative angular from these data differed from the actual
located close together in the sky are positions. In fact, artificial radio sources position by about 30 m, or about 0.015
compared. If atmospheric and indepen- make particularly convenient objects arc second at the distance of the moon
dent oscillator phase shifts affect obser- for interferometry because conventional (4). The main source of error was rela-
vations of each source equally, their Doppler counting techniques can be tive phase drift between the two re-
effects will cancel when differences be- used to keep track of the phase of ceivers (one each for the Rover and
tween observations are examined. In this the carrier signal received at each site. the Module) used at each site in this
report we discuss several scientific ap- Wide-bandwidth group-delay interfer- trial experiment. In an operational sys-
plications of differential interferometry ometry also may be done efficiently tem this error would be eliminated by
(1), as well as the actual tracking of with artificial sources if the carrier wave using a single receiver for both signals.
the Lunar Rover performed during the is suitably modulated, for example, with The basic technique appears capable of
Apollo 16 mission. a pseudorandom wave form of the kind reducing tracking errors to the meter

Because differential interferometry often employed for two-way radar rang- level, a limit imposed by unmodeled
involves taking differences not only be- ing (2). As in -the case of one-way lInar topography.
tween receiving points but also between Doppler tracking, one-way radar rang- A related scientific application in.
transmitting points, it follows that any ing is ordinarily useless if either or volves the accurate determination of the
potential source of error will cancel if both of the transmitter and receiver moon's libration by monitoring simul.
it is common either to all receivers or time bases are unstable. But for either taneously from several tracking stations
to all transmitters. This simple principle phase delay or group-delay observables, the ALSEP (5) telemetry transmitters
will be shown to have important con- the effects of transmitter instability can- located at three well-separated sites,
sequences for astronomical measure- cel when the difference is taken be- such as those of Apollo 14, Apollo 15,
ments. One such consequence relates to tween receiving sites (thus forming an and Apollo 16. Here, because the
observations of artificial transmitters for interferumetric obser'able), and the ef ALSEP's are fixed on the lunar surface,

F199, Buster Lunar Fig. 1. The path of the Apollo 16 Lunar Rover is shown as
. Halfway te Spo Module determined by Earth.based differential interferometric trackingHalfway pook Module on 21 April 1972. Individual dots mark the positions obtained

''. .... '".:- "A. Craters given names by the astronauts are included for refer-
". , P ence, although their locations are known only approximately.
P~lum '- . The Rover was stopped at point B for 6=20', at C for 119401,

and at D for 270; several brief stops were made at E. At
23:03:40 our tracking indicated that the Rover had stopped

3;4 finally at F, 30 m east of the Lunar Module; the Rover had
actually parked at the Module. Some of this error may reflect

. .a corresponding error in the assumed starting position, A. How-
S' ..... ever, tracking data obtained while the Rover was known to

N'.," "be stopped occasionally showed systematic drifts as large as
•2 or 3 cm/sec (see text). Random noise was less than I m.

At all times during the traverse, position readings 'from the

Enavigation system on board the Rover agreed within 100 m
(approximately the limit of precision of the onboard system)

+0meters 00 wihthese differential interferometric tracking results.
10 NOVEMBER 1972 W7
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DIFFERENTIAL VLBI: APOLLO 12-14ALSEPS
GREENBELT, MD. - MERRITT ISLAND, FLA.
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Figure 3 The precision with which instrumental and propagation-medium phase errors
cancel in differential VLBI is demonstrated by these results from 13.2-cm-wavelength obser-
vations of a pair of Apollo Lunar Surface Experiments Package (ALSEP) transmitters
performed with a 1200-km-long baseline by the author with H. F. Hinteregger. R. W. King,
and I. 1. Shapiro (unpublished). Three unknown parameters in a theoretical model of the
differenced interferometric phase observable were adjusted to fit this approximately four-
hour series of observations; the "post-fit residuals," or the differences between the observed
and the corresponding theoretical values, are plotted here. The rms residual is 1.70 of phase,
the equivalent of 0.6 mm of path length, or 5 x 10- ' of the baseline length. An equal
phase change would result from a source-position change of the order of 5 x 10- radians,
or 0"000 1.
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Geodesy by Radio Interferometry:
Determination "of a 1.24-km Base Line Vector With -,-5-mm Repeatability

A. E. E. ROGERS, C. A. KNIGHT, H. F. HINTEREGGER, AND A. R. WHITNEY

Northeast Radio Observatory Corporation. Haystack Observatory. Westford, Massachusetts 01886

C. C. COUNSELMAN III, 1. 1. SHAPIRO,' AND S. A. GOUREVITCH

Department of Earth and Planetary Sciences, Massachusetts Institute of Technology
Cambridge. Massachusetts 02139

T. A. CLARK

Goddard Space Flight Center. Greenbelt, Maryland 20771

The 1.24-km base line vector between the two antennas of the Haystack Observatory was determined
from X band radio interferometric observations of extragalactic sources via a new method that utilizes the
precision inherent in fringe p ' lsc measurements. This method was employed in I I separate experiments
distributed between October 1974 and January 1976. each being between about 5 and 20 hours in
duration. The rms scatters about the means for the ,fertical and the two horizontal components of the base
line obtained from the I I independent determinatiuns were 7, 5. and 3 mm, respectively. The correspond-
ing scatter for the base line length was 3 mm; the mean differed from the result obtained in a conventional
survey by 8 mm, well within the 20-mm uncertainty of the survey. (The determination of the direction
from the survey was too crude to be useful.) Another external check on our data was possible, since the
azimuth and elevation axes of one of the antennas do not intersect but are separated by 318 mm. We
estimated this horizontal offset from the radiio interferometry data and found a difference of 10 ± 9 mm
from the directly measured value, the relatively large rms scatter being due to the -0.96 correlit.on
between the estimate of this offset and that of the vertical component of the base line. Use of a newly
completed calibration system in future experiments should allow the scatter to be reduced to the
millimeter level in all coordinates for short base lines. For long base lines, such repeatability should be
degraded only to about the centimeter level if calibrated observations with sufficient sensitivity are made
simultaneously at two frequency bands. An assessment of the accuracy of either our present or future base
line results awaits the availability of an accepted, more accurate, standard for comparison. Nonetheless,
base line changes can be determined reliably at any established level of repeatability.

I. INTRODUCTION estimates from all other contributions, such as those caused by
The technique of very long base line interferometry (VLBI) inadequacies in our model of the propagation medium.

has been under development for several years to enable vector 2. DESCRiPTION OF EXPERIIENTS
base lines to be determined between arbitrary points on the
earth's crust from observations of extragalactic radio sources
[Shapiro and Kntght, 1970 Hmtereggeret at., 1971, 1972, Sha. and receivers used. The remainder .fthe interferometer system
piro et al., 1974: Thomas et al., 1976: Ong et al.. 1976]. A major was the same as is described by Whitney% et al (1976]. At
goal of this continuing effort is to reduce the uncertainty tn Haystack the X band (f - 7850 MHz) signals received from
such determinations to the millimeter level for short base lines the extragalactic radio sources were converted to base band
and to the centimeter level for intercontinental base lines, the (0-360 kHz), clipped, sampled, and recorded digitally on mag-
observations extending over about 8 hours or somewhat less in netic tape. The same procedure was followed at Westford
each case. We have recently used radio interferometry to deter. except that the intermediate frequency signals were carried by
mine, in I I separate experiments, the rather short 1.24-km a sufficiently stable cable to Haystack. where, solely for conve.
base line between the Haystack and Westford antennas of the nience. the final operations on the signals were performed. The
Haystack Observatory in \esford, Massachusetts. Our pur- local oscillators used in the frequency conversions were
pose was twofold: (I) to demonstrate the effectiveness of a new switched over about a 00.M Hz range in order to obtain
method that we developed to use measurements of group adequate group delay resolution. The group and the phase
delays (see, for example, Shapiro [ 19761) to eliminate the ' 27' delays through each receiving system were monitored continu-
ambiguities in the far more precise measurements of phase ously by injecting a low-level calibration signal, derived di-
delays, so that the latter could be employed for the determina- rectly from the local frequency standard, into the receiver
tion of the base line and (2) to separate, to a high degree, the 'front end.' Unfortunately, cable measurement systems to
purely instrumental contributions to the errors in the base line monitor the variations in the delays of the calibration signals

inci'red between the frequency standards on the ground and
the receiver front ends on the antennas were not available for
these experiments. These variations were due to a combination

'Also at the Department of Physics Massachusetts Institute of of flexure and temperature effects. Although each type of effectTechnology, Cambridge, Massachusetts 02139.
can introduce variations of about I cm in electrical path

Copyright 0 1978 by the American Geophysbcal Lniun. lengti, the cables on the antennas often suffer rapid flexure
Paper number 7B0850. 325
0148.0227/78/01 7B-0850S03.00 15
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Permission for further reproduction by others must be obtained from
the copyright owner.



Miniature Interferometer Terminals for Earth Surveying
Charles C. Counselman III and Irwin I. Shapiro

Department of Earth and Planetary Sciences
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Abstract. A system of miniature radio desy have hitherto involved observations
interferometer terminals is proposed for of the random, weak, radio signals re-
the measurement of vector baselines with ceived from distant, extragalactic, sour-
uncertainties ranging from the millimeter ces. The achievement of useful signal-
to the centimeter level for baseline to-noise ratios with these sources has
lengths ranging, respectively, from a few dictated the use of large diameter anten-
to a few hundred kilometers. Each termi- nas, expensive atomic frequency standards,
nal would have no moving parts, could be and wideband tape-recording and correla-
packaged in a volume of less than 0.1 M 3

, ting systems.
and would operate unattended. These In contrast, only very small, simple,
units would receive radio signals from and inexpensive ground equipment is re-
low-power (<10 w) transmitters on Earth- quired to utilize the relatively strong,
orbiting satellites. The baselines be- precisely controlled, radio signals that
tween units could be determined virtually can be transmitted from Earth satellites.
instantaneously and monitored continuous- Nonetheless, although several methods
ly as long as at least four satellites have employed satellite signals to deter-
were visible simultaneously. Acquisition mine baselines, none of these methods has
of the satellite signals by each terminal yet achieved the measurement precision
would require about one minute, but about demonstrated with VLBI. Why not? What
one second of signal integration, and the is the "secret ingredient" of the inter-
collection of only a few kilobits of data ferometric technique? Basically it is
from two receiving units would suffice to the use of differencin. Interferometry,
determine a baseline. Different baseline per se, involves the differencing of the
lengths, weather conditions, and desired phases of signals received at the two
accuracies would, in general, dictate dif- ends of a baseline. With properly de-
ferent integration times, signed equipment, the inherent "2n" ambi-

The system proposed here could be used guity in these phases of radio- signals
to monitor the regional accumulation and from a given source can be eliminated,
release of strain preceding, following, and advantage taken of precise phase mea-
and even during earthquakes. The termi- surements of the signals from several
nals could be deployed in arrays of vari- sources, to determine a baseline with an
ous dimensions and densities. Their use uncertainty equal to a small fraction of
could also include monitoring variations the wavelength of the radio signals. Fur-
in transcontinental and intercontinental ther, this baseline determination does
baselines, but with reduced accuracy. not depend on the signals from any source
Comparisons with other systems proposed having any particular temporal regularity.
for extensive measurements of regional The baseline vectors determined by
baseline vectors appear to favor this in- radio interferometric techniques can be
terferometric approach. related to the best known approximation

to an inertial frame: the positions in
I. Introduction the sky of compact, extragalactic, radio

sources. Of course, when the baseline
The technique of very-long-baseline in- vector is determined from interferometric

terferometry (VLBI) is only a decade old observations of radio signals from satel-
and barely approaching adolescence. None- lites, an extra step is required to re-
theless this radio interferometric method late the positions of the satellites to
has seen broad application, especially in those distant radio sources. Again, the
astronomy. In geodetic applications, the technique used is interferometric but,
demonstrated level of repeatability of here, use of the full panoply of the con-
baseline-length determinations ranges ventional VLBI armamentarium is required.
from -3 nun for -1 km distances (Rogers A system that combines the advantages
et al., 1978) to -3 cm for transcontinen- of VLBI with the benefits of strong satel-
tal distances (Robertson et al., 1979). lite signals could open a new era in geo-
This combination of precision and range desy. We describe a relatively simple
should make VLBI a very powerful tech- system here. It would employ compact
nique for monitoring the time dependence ground equipment with no moving parts and
of regional and continental baselines, low-power radio transmitters on a set of
Yet it is still not widely used for this satellites. We dub this combination the
purpose. Why? A principal reason has Mighty MITES system, MITES being an acro-
been cost. Applications of VLBI to geo- nym for Miniature Interferometer Termi-

nals for-Earth Surveying (or, to Se pre-

Proc, ofth 9th GEOP LonrtnCC.A,, ,,.raro.,,l ,u ,,,,., ,he Applt, , u ,,! sumptuous and facetious simultaneously,
Geu,toGeda,,ic, Jttohe,2.l 3 97, Dcv.o[Gcodeut cnce Rct,. No .ao. rhc the Massachusetts Institute of Technology
Ohio State Uiv.Co umbus o W 43!. Engineering Success). Our system appears
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BACKPACK VLBI TERMINAL WITH SUBCENTIMETER CAPABILITY

C. C. Counselman III and I. I. Shapiro
Massachusetts Institute of Technology

R. L. Greenspan and D. B. Cox, Jr.
Charles Stark Draper Laboratory Inc.

The measurement of short vector baselines with subcentimeter repeatability and accuracy using
radio interferometric observations of quasars has already been demonstrated (reference 1). This
paper describes our plans to achieve comparable performance using inexpensive, backpack portable
equipment that processes less than one second of data per baseline redetermination. Figure I sum-
marizes some of these objectives.

Our approach exploits the full measurement accuracy inherent in the precise radio signals that will
be broadcast by each satellite in the NAVSTAR Global Positioning System (GPS) (reference 2).
Figure 2 illustrates the measurement concept. The user equipment at each end of the unknown
baseline receives signals from the same set of four or more GPS satellites. The equipment consists
of a shnple antenna, a GPS receiver, a microprocessor unit and a recording unit (reference 3).
"Real-time" baseline determination can be accomplished by linking the microprocessor units with a
communication channel that can transmit at the rate of about I kilobit per baseline redetermination.

Each GPS receiver measures its range to each satellite by means of the wide-band pseudo-noise
P-Code modulation that is impressed on the GPS radio frequency carriers which are at 1.226 GHz
and 1.57542 GHz (reference 4). These measurements will typically have a precision of about 0.5
meters, which is approximately 2.5 wavelengths at a frequency of 1.57542 GHz. The primary use
of these relatively coarse measurements in the proposed program is to assist in resolving ambiguities
of the more precise carrier-phase measurements that will also be made (see below).

s To DEVELOP BACKPACK PORTABLE EOUIPMENT TO MEASURE VECTOR
BASELINES FROM - 1 KM TO - 103 KM IN LENG'rH WITH SUBCENTIMETER

7O FEW CENTIMETER ACCURACY,

* TO DEVELOP EQUIPMENT THAT IS

I SIMPLE IN CONCEPT AND IMPLEMENTATION

I RELIABLE IN UNATTENDED OPERATION

* INEXPENSIVE - LESS THAN $15,000 PER UNIT

Fgure 1. Objectives.
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WAVES OF THE FUTURE AND OTHER EMISSIONS 411

/, lI B IPHASE
,,, .._ ._ _: MODULATED

~ CARRIER

-. 100 NS

OUTPUT OF CARRIER TRACKING LOOP OF $
RECEIVER 1 TIME

OUTPUT OF CARRIER TRACKING LOOP OF
RECEIVER 2 ' 1 TIME

ANTENNA 1 ANTENNA 2 112 ' 01 - ¢2 CAN BE MEASURED PRECISELY, ALBEIT AMBIGUOUSLY

DIFFERENTIAL TIME DELAY ' *12/CARRIER FREQUENCY

Figure 3. GPS signal processing concept ("reconstructed carrier").

This technique is described in reference 1. We note that all data used to resolve ambigui-
ties are usable also for accurate determination of the baseline vector, after the ambiguities
are resolved.

2. Measure the phase difference between the two GPS carriers received at each end of the
baseline from each satellite to within a few degrees (note that both GPS carriers are syn-
thesized coherently from the same oscillator). The corresponding phase-delay ambiguities
will be light-time equivalents of integral multiples of the 0.43 m half-wavelength for the
difference frequency (349 MHz). This approach is similar to the use of multiple tones in
OMEGA to resolve "lane" ambiguities (reference 7). Used in conjunction with the coarse
range measurement, the phase from both GPS carriers will allow a reduction in the initial
ambiguities of the phase delay estimates. As the baseline length increases, the effectiveness
of this technique will decrease because of ionospheric effects.

As the first phase in the development of the intended system, we plan to conduct an experimental
program using commercially supplied GPS receivers. One or more standard baselines defined by
receiving antennas will be established and surveyed. Each leg will be less than 100 meters in length.
GPS signals received by the antennas will be processed to make a series of baseline determinations
under a wide range of environmental conditions. The objectives of this experiment are:

1. to ascertain whether the accuracy of the baseline determination meets our goal (see figure
4);

2. to assess different techniques for ambiguity resolution; and

3. to determine whether the present GPS signal structure will allow the development of inex-
pensive and effective ground equipment.

19



IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. GE

EAST WEST

UP

-Xi

0* IN... ... .
.... . -l o.. .. ......

..... ......

. 970- 95

.... . .....
... *. *. *..

.:.'. -....

(3,frsiae, erree , bevtossanig1 i.T i

whoe, entrsdo ot enea~ concie wthpeas o Per uctoflx

... ... 85-9

mapd The fucini.culysmmtiwt ~ 9

I * .. . I " . I

"- :.....P r e to

.R. . WAUU

p.0

• I Im •- •

the map ax copttoa ariat an shud einoe.In ric
u.r.heeae.ut2 horzota an 5vria eslto lmns
whos* ceners.o.no geerll conie ihpek f hunto

mpe. T fun tin i clly symmetrc, with Rbl iiliiR ib'- t iI b 4 ) .iI

20:1 ililIt



Sub-Centimeter-Accuracy Surveying
Could Have Been Done With TRANSIT*
But Wasn't Because...

* Phase was not observed.

* A plurality of satellites was not
simultaneously observed.

Having more than one satellite in
view was believed to be a bad thing.

The satellite orbits were
deliberately arranged to keep this
from happening.

and still could be, e.g. by modifying a MACROMETER®
antenna and front-end to receive the TRANSIT frequency
of 400 MHz. Observing two satellites simultaneously for
two successive passes can give GDOP as good as GPS!
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TRANSIT Satellite Doppler Positioning

People Believed That GPS Would Be

Inferior For Geodetic Surveying.

" GPS signals have less Doppler
shift.

" GPS "geodetic" receivers available
- and planned - in 1980 observed

(pseudo)range and Doppler but not
phase.
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WHITE OAK LABORATORY
low SILVER SPRING. MD. 20910

DEPARTMENT OF THE NAVY (202) 394-

NAVAL SURFACE WEAPONS CENTER DAHLGREN LABORATORy
log DAHLGREN, VIRGINIA 22448 DAHLGREN VA. 22448

1703) 663- 7133
IN REPLY REFER TO:

K13:BRH:ccs
5236

MAR 3 11980

From: Commander, Naval Surface Weapons Center
To: Johns Hopkins University/Applied Physics Laboratory

Attn: Reggie Rhue
Johns Hopkins Road
Laurel, Maryland 20810

Subj: Procurement of a Field Portable Geodetic Receiver; request for

Encl: (1) Specifications for a Field Portable Geodetic Receiver

1. The Naval Surface Weapons Center (NSWC) has been tasked with the responsibility
of procuring a Field Portable Geodetic Receiver in accordpnce with the
specifications as outlined in enclosure (I).

A. System Concept

This unit will provide the geodetic community with a flexible GPS
receiver-computer combination with the capability to calculate a static geodetic
position in the field. Size, weight, power, and environmental specifications
will be such that a small team of surveyors would be able to carry the unit and
its supporting equipment to the various sites of interest, set up, operate, and
obtain 2-3 meter absolute position accuracy in near real time. Alternately
rapid satellite switching can be used in coordination with similar systems at
other sites to obtain phase data for a precise relative positioning capability.

In addition to the calculation of absolute position on site, the system will
have a recording device which can be used to record data and load software
programs, and a keyboard for operator interface with the system. Transmission
of data from the recorded tape via modem to a computer center will also be an
option.

The system will consist of two main sections: the receiver module and the
real time processor module. The remainder of this memorandmn will address the
receiver module only.

B. Receiver Capabilities

(1) The receiver will consist of a single satellite channel which will
provide simultaneous L1 and L2 measurements of pseudo range and Doppler.
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ACCURACIES OF BASELINE DETERMINATIONS BY MITES
ASSESSED BY COMPARISONS WITH TAPE, THEODOLITE,
AND GEODIMETER MEASUREMENTS

C. C. Counselman III, S. A. Gourevitch, R. W.
King, T. A. Herring, I. I. Shapiro (Dept. Earth
& Planetary Sci., M.I.T., Cambridge, MA 02139)

R.L. Greenspan (C.S. Draper Lab., Camb.,MA 02139)
A.E.E. Rogers, A.R. Whitney, R.J. Cappallo (NEROC

Haystack Observatory, Westford, MA 01886)

On Dec. 17, 1980, portable MITES antennas [ref.
Bull. Geod. 53, 139-163 (1979)] were set atop
three survey marks near the Haystack Observatory
building. These antennas yielded radio inter-
ferometric observations of the NAVSTAR/GPS satel-
lites which were analyzed to determine the vector
baselines between the survey marks. Observations
were repeated 12 days later with different anten-
nas on the marks. For the determination of each
baseline on each day all of the observations from
the entire time that five satellites were above
200 elevation--!.3 hours--were used. No data
were deleted or downweighted and the same para-
meters were estimated using the same algorithm in
every case. On each day, the triangle of separ-
ately estimated baselines closed within 1 cm in
each vector component; and for each baseline, the
two determinations agreed within 1 cm. In Janu-
ary, 1981, the firm of H. Feldman, Inc., surveyed
the triangle conventionally by means of steel
tape, 1" theodolite, laser Geodimeter, and pre-
cise level. The MITES experimenters and the
conventional surveyors did not communicate, but
both delivered their results in writing to a
referee (R.L.G.) for comparison. The results for
the lengths of the sides of the triangle were, in
millimeters:

Side 1 2 3
Tape 64,944 ±5 92,063 ±5 123,805 ±5
MITES 64,944 ±7 92,067 ±5 123,816 ±7
Geodimeter n.a. 92,074±10 n.a.

We conclude that, at least for short baselines,
the resolution of interferometer fringe ambigui-
ties is not difficult; also, at the centimeter
level of accuracy, multipath interference is not
a significant problem with MITES.
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